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Abstract   
Geminiviruses are plant viruses that infect a broad range of crops and cause extensive 
losses worldwide, having an important economic impact. C2, a multifunctional 
pathogenicity factor encoded by geminiviruses, has been recently shown to suppress the 
responses to jasmonates in the host plant, which might at least partially explain its well-
established role in pathogenicity. Sulphur is one of the essential macro-elements for 
plant life, and is considered to have a role in plant defence, in a phenomenon named 
sulphur-induced resistance (SIR) or sulphur-enhanced defence (SED). In this work, we 
show that geminivirus C2 protein represses the expression of genes involved in the 
sulphur assimilation pathway in Arabidopsis, but, interestingly, this effect can be 
neutralized by exogenous jasmonate treatment. These preliminary results may raise the 
idea that geminiviruses might be affecting sulphur metabolism, and maybe 
counteracting SIR/SED, through the manipulation of the jasmonate signalling pathway, 
which would define a novel strategy in plant-virus interactions and may unveil 
SIR/SED as an important player in the plant defence against viruses. 
Keywords  Defence – Methyl-jasmonate – Sulphate – Sulphur-induced resistance (SIR) 
– Sulphur-enhanced defence (SED) – Virus – Sulphur metabolism – Pathogen  
Introduction 
Geminiviruses are plant viruses with circular, single-stranded DNA genomes (Rojas et 
al. 2005) that infect a wide range of plant species and cause extensive losses in crops 
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worldwide, having an important economic impact. The members of this family have 
highly reduced genomes, encoding only six to eight proteins. Therefore, these viruses 
must rely on both their own limited multifunctional proteins and the host cell machinery 
to accomplish the infection, preventing or counteracting plant defence mechanisms at 
the same time (Hanley-Bowdoin et al. 2004).  
C2 (also known as L2, AC2, AL2, or TrAP, for transcriptional activator protein) is a 
multifunctional pathogenicity factor encoded by geminiviruses. In viruses belonging to 
the genus Begomovirus, C2 acts as a transcription factor required for the expression of 
viral genes (Sunter and Bisaro 1992), and also triggers transactivation of host genes 
(Trinks et al. 2005). Additionally, C2 has been shown to suppress host defences: 
constitutive expression of truncated C2 from the begomovirus Tomato golden mosaic 
virus (TGMV) or the related L2 protein from the curtovirus Beet curly top virus 
(BCTV) in transgenic plants conditions an enhanced susceptibility phenotype (Sunter et 
al. 2001) that correlates with their ability to interact with and inactivate SNF1-related 
kinase (SnRK1) (Hao et al. 2003; Sunter et al. 2001). C2 and L2 are also gene silencing 
suppressors of both PTGS (post-transcriptional gene silencing) and TGS (transcriptional 
gene silencing) (reviewed in Raja et al. 2010).  
Sulphur is one of the essential macro-elements for plant life, and it has numerous 
biological functions (Leustek et al. 2000). Plants are able to assimilate inorganic sulphur 
from the soil in form of sulphate; sulphate is reduced to sulphide and then incorporated 
into cysteine, a sulphur-containing organic molecule. Besides being an important 
proteinogenic amino acid, cysteine can be subsequently converted to a wide number of 
derived sulphur-containing compounds such as methionine, glucosinolates or 
phytoalexines. One of the most important cysteine-containing peptides is glutathione, a 
compound with multiple key roles, including protection against oxidative stress, heavy 
metals, or xenobiotics. Glutathione is an important regulator of redox signalling, and it 
has also been shown to be a player in plant defence operations (reviewed in Rausch and 
Wachter 2005). Other sulphur-containing compounds, such as phytoalexins or 
glucosinolates, are also considered to have a defensive role (and are generally referred 
to as SDCs or Sulphur-containing Defence Compounds) (reviewed in Rausch and 
Wachter 2005), and reactive sulphur species (RSS) play an important role in redox 
changes upon pathogen attack (reviewed in Gruhlke and Slusarenko 2012). As cysteine 
and glutathione content drops drastically upon limited sulphate availability (Nikiforova 
et al. 2003) and, on the contrary, pool sizes increase with excess sulphate, the 
importance of sulphur for plant defence becomes apparent. In agreement with this idea, 
it has been long known that high amounts of sulphur are able to suppress disease 
severity in fungus-infected plants (Bloem et al. 2004; Dubuis et al. 2005; Klikocka et al. 
2005; Schnug et al. 1995), a phenomenon named sulphur-induced resistance (SIR) or 
sulphur-enhanced defence (SED) (reviewed in Rausch and Wachter 2005). Moreover, it 
has been recently demonstrated that Arabidopsis mutants impeded in cytosolic cysteine 
desulphhydrase activity show a systemic acquired resistance phenotype with high 
tolerance to biotrophic and necrotrophic pathogens (Alvarez et al. 2011) and that 
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enhanced glutathione metabolism is correlated with SIR/SED to Tobacco mosaic virus 
(TMV) in tobacco plants (Holler et al. 2010).  
Jasmonates are important plant signalling molecules that mediate both biotic and abiotic 
stress responses and regulate several aspects of growth and development. Plants respond 
to jasmonates by degrading the JAZ family of transcriptional repressors in a 
SCFCOI1complex- and a proteasome-dependent manner (Chini et al. 2007; Thines et al. 
2007). Even though jasmonates have been traditionally linked to defence against 
necrotrophic pathogens, jasmonate treatment negatively impacts the infection by 
geminiviruses, and geminivirus C2 protein has been recently shown to suppress the 
responses to this plant hormone in the host plant (Lozano-Durán et al. 2011), which 
might at least partially explain its well-established role in pathogenicity.  
In recent years, a link between sulphur metabolism and jasmonate signalling has been 
suggested by different authors. Nikiforova et al. 2003 and Hirai et al. 2003 showed that 
the jasmonate biosynthetic pathway is up-regulated in conditions of sulphur deficiency; 
Sasaki-Sekimoto et al. 2005 and Jost et al. 2005, on the other hand, proved that 
jasmonates induce the sulphur metabolic pathway. Recently, it has been reported that 
loss of synthesis of the metabolite S-sulfocysteine in the chloroplast results in high 
accumulation of reactive oxygen species (ROS) and repression of JA-regulated genes, 
although these effects are eliminated by reducing light conditions (Bermudez et al. 
2010). These and other examples indicate that a mutual regulation exists between 
sulphur metabolism and jasmonate signalling, although the underlying mechanism still 
remains unknown.  
In this work, we show that expression of geminivirus C2 protein represses genes 
involved in the sulphur assimilation pathway in Arabidopsis, but this effect can be 
neutralized by exogenous jasmonate treatment. These results suggest the possibility that 
geminiviruses might be counteracting SIR/SED through the manipulation of the 
jasmonate signalling pathway, which would define a novel strategy in plant-virus 
interactions.  
Materials and methods 
Plant materials and growth conditions 
Transgenic Arabidopsis plants expressing Tomato yellow leaf curl Sardinia virus 
(TYLCSV) C2, Tomato yellow leaf curl virus (TYLCV) C2 or Beet curly top virus 
(BCTV) L2 have been described elsewhere (Lozano-Durán et al. 2011); expression and 
segregation analyses can be found in Lozano-Durán et al. 2011. The lines used in this 
work are C2-TS 9, C2-TM 1 and L2-BC 4. The T2 plants were selected in MS medium 
plus kanamycin and grown under short day conditions (8 h light/16 h dark).  
For microarray analysis, T2 seedlings of transgenic Arabidopsis plants expressing C2 
from TYLCSV (C2-TS 9) were grown on MS with kanamycin for 7 days, and then 
treated with 50 μM MeJA or mock solution for 10 h. Three biological independent 
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replicates were performed. For these analyses, T3 homozygous LUC2 (PR1::LUC) 
transgenic plants (Murray et al. 2002) resistant to kanamycin were used as control. 
Previously, the hormonal response of LUC2 had been proven to be identical to that of 
the wild-type in the aforementioned assays (Lozano-Durán et al. 2011).  
For gene expression studies and quantification of thiol compounds, fourteen-day-old 
seedlings were used. 
RT-PCR 
Primer pairs for RT-PCR were designed using Primer 3 software 
(http://frodo.wi.mit.edu/primer3/). Gene-specific primers were chosen so that the PCR 
products were 100–300 bp. Total RNA was extracted using RNAeasy Plant Mini Kit 
(Qiagen) and treated on column with Dnase (Qiagen). 1 μg total RNA was used for 
first-strand cDNA synthesis using oligo(dT) primers and SuperScript II reverse 
transcriptase reagent (Invitrogen) following the manufacturer’s instructions. The PCR 
conditions were: 5 min at 95 °C, and 25 cycles of 30 s at 95 °C, 30 s at 50 °C and 30 s at 
72 °C. The primers used were the following: for ATP sulphurylase, ATPS-F 
(CGAATGAAACAGCACGAGAA) and ATPS-R (GAGTCGTTCGAGTCCAGGAG); 
for APR1, APR1-F (GCAGGGGATTGAGAATTTGA) and APR1-R 
(TCTGGTCACCATCTGCTCTG); for APR3, APR3-F 
(CGAATGAAACAGCACGAGAA) and APR3-R (GAGTCGTTCGAGTCCAGGAG). 
Expression level of ATP-sulphurylase, APR1 and APR3 were normalized to actin. 
Actin (ACT2) was used as the internal control. Each cDNA sample used is a mixture 
from three biological replicates at a ratio 1:1:1. 
Real-time RT-PCR 
Quantitative real-time RT-PCR was used to analyze the expression of OAS-A1, OAS-B 
and OAS-C. First-strand cDNA was synthesized as described above. Gene-specific 
primers for each gene were designed using the Vector NTI Advance 10 software 
(Invitrogen; Table S1). Real-time PCR was performed using iQ SYBR Green Supermix 
(Bio-Rad), and the signals were detected on an iCYCLER (Bio-Rad) according to the 
manufacturer’s instructions. The cycling profile consisted of 95 °C for 10 min followed 
by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. A melt curve from 60 °C to 90 °C 
was run following the PCR cycling. The expression levels of the genes of interest were 
normalized to that of the constitutive glycerol-3-phosphate dehydrogenase (GPDH) 
gene by subtracting the cycle threshold (CT) value of GPDH from the CT value of the 
gene (ΔCT). The fold change was calculated as 2-(ΔCT mutant - ΔCT wild type). The 
sample of Col-0 wild type plants was used as the calibrator, with the expression level of 
the sample set to 1 (or 100 %). The results shown are means ± SD of at least three RNA 
samples.  
Transcriptomic studies 
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Seven-day-old LUC2 and transgenic C2-TS Arabidopsis seedlings were treated with a 
50 μM MeJA or mock solution for 10 h. Total RNA was isolated from three biological 
replicates of MeJA- or mock-treated wild-type and transgenic C2-TS seedlings using 
TRIzol (Invitrogen) and subsequently cleaned using RNeasy MinElute Cleanup Kit 
(Invitrogen). All RNA samples were checked for their integrity on The Agilent 2100 
bioanalyzer according to the Agilent Technologies (Waldbroon, Germany).  
1 μg of total RNA was used to synthesize biotin-labelled cRNAs with the One-cycle 
cDNA synthesis kit (Affymetrix, Santa Clara, CA). Superscript II reverse transcriptase 
and T7-oligo (dT) primers were used to synthesize the single stranded cDNA at 42 °C 
during 1 h followed by the synthesis of the double stranded cDNA by using DNA 
ligase, DNA polymerase I and RNaseH during 2 h at 16 °C. Clean up of the double-
stranded cDNA was performed with Sample Cleanup Module (Affymetrix) followed by 
in vitro transcription (IVT) in presence of biotin-labeled UTP using GeneChip® IVT 
labelling Kit (Affymetrix). Quantity of the labelled-cRNA with RiboGreen® RNA 
Quantification Reagent (Turner Biosystems, Sunnyvale, CA) was determined after 
cleanup by the Sample Cleanup Module (Affymetrix). Fragmentation of 15 μg of 
labelled-cRNA was carried out for 35 min at 94 °C, followed by hybridization during 16 
h at 45 °C to Affymetrix GeneChip® Arabidopsis genome array representing 22,500 
probe sets corresponding to 24,000 gene sequences. After hybridization, the arrays were 
washed with two different buffers (stringent: 6X SSPE, 0.01 % Tween-20 and non-
stringent: 100 mM MES, 0.1 M [Na+], 0.01 % Tween-20) and stained with a complex 
solution including Streptavidin R-Phycoerythrin conjugate (Invitrogen/molecular 
probes, Carlsbad, CA) and anti Streptavidin biotinylated antibody (Vectors laboratories, 
Burlingame, CA). The washing and staining steps were performed in a GeneChip® 
Fluidics Station 450 (Affymetrix). The Affymetrix GeneChip® Arabidopsis Genome 
Arrays were finally scanned with the GeneChip® Scanner 3000 7 G piloted by the 
GeneChip® Operating Software (GCOS).  
All these steps were performed on Affymetrix platform at INRA-URGV from Evry. The 
raw CEL files were imported in R software for data analysis.  
All raw and normalized data are available through the CATdb database 
(AFFY_MeJA_Arabidopsis, Gagnot et al. 2008) and from the Gene Expression 
Omnibus (GEO) repository at the National Center for Biotechnology Information 
(NCBI): accession number GSE18667.  
 
For the data analysis, the data were normalized with the gcrma algorithm (Irizarry et al. 
2003), available in the Bioconductor package (Gentleman and Carey 2002). To 
determine differentially expressed genes, we performed a usual two group t-test that 
assumes equal variance between groups. The variance of the gene expression per group 
is a homoscedastic variance, where genes displaying extremes of variance (too small or 
too large) were excluded. The raw P values were adjusted by the Bonferroni method, 
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which controls the Family Wise Error Rate (FWER) (Ge et al. 2003). A gene is declared 
differentially expressed if the Bonferroni P-Value is less than 0.05.  
Microarray analysis 
Analysis of the microarray data was performed using VirtualPlant 1.0 software 
(www.virtualplant.org) (Katari et al. 2010), and TAIR GO annotation tool 
(http://www.arabidopsis.org/tools/bulk/go/index.jsp).  
Quantification of thiol compounds 
To quantify the total cysteine and glutathione contents, thiols were extracted, reduced 
with NaBH4, and quantified by reverse-phase HPLC after derivatization with 
monobromobimane (Molecular Probes) as described previously (Dominguez-Solis et al. 
2001).  
Statistical analysis 
For all the experiments shown, at least three independent samples were analyzed, unless 
otherwise indicated. ANOVA statistical analysis of data was performed using the 
program OriginPro 7.5 (OriginLab Corporation).  
Results 
Transcriptomic analysis of transgenic Arabidopsis plants expressing Tomato 
yellow leaf curl virus (TYLCSV) C2 reveals a repression of sulphur assimilation 
and jasmonate responses  
Geminivirus C2 protein has been shown to interfere with the jasmonate signalling 
pathway (Lozano-Durán et al. 2011). With the aim of gaining insight into the effect of 
C2 on the response to jasmonates, we did a microarray analysis of Arabidopsis 
transgenic plants expressing C2 from TYLCSV (Lozano-Durán et al. 2011) in both 
basal conditions and after methyl-jasmonate (MeJA) treatment. Transgenic C2 or 
control seedlings were grown on plates with kanamycin for 7 days, and then treated 
with 50 μM MeJA or mock solution for 10 h; three biological and three technical 
replicates were used. After treatment, approximately 15 seedlings were harvested and 
total RNA was extracted. Total RNA from the three technical replicates in the three 
biological replicates was pooled and subsequently used for the microarray 
hybridizations. The up-regulation of well-characterized jasmonate-responsive genes 
upon MeJA treatment in the control plants proves the efficacy of the treatment (Table 
S1).  
Intriguingly, this transcriptomic analysis unveiled the repression of three genes involved 
in sulphur assimilation in the untreated C2 plants: ATP-sulphurylase 3 (APS3; 
At4g14680; -2.48 fold), APS reductase 1 (APR1; At4g04610; -3.40 fold) and APS 
reductase 3 (APR3; At4g21990; -3.04 fold). The enzyme ATP-sulphurylase 3 catalyzes 
the activation of inorganic sulphate to form adenosine-5′-phosphosulphate (APS), which 
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allows the reduction of the APS molecule to sulphite by the enzyme APS reductase, 
which uses glutathione as electron donor. Thermodynamically, both enzymes are 
biochemically linked and therefore regulated together (Yi et al. 2010). Although APS 
and APR are encoded by gene families in Arabidopsis, comprising four and three 
members respectively (APS1 to APS4 and APR1 to APR3), only APS3, APR1 and 
APR3 seem to be repressed in C2 plants.  
The microarray data and the position of the repressed genes in the assimilation 
metabolic pathway are depicted in Fig. 1A and B. The repression of APS3, APR1 and 
APR3 in the transgenic Arabidopsis plants was confirmed using semi-quantitative RT-
PCR (Fig. 1C). 
In agreement with previous results (Lozano-Duran et al. 2011), the microarray data also 
revealed a repression of the jasmonate response in these transgenic plants. Consistently, 
functional enrichment analysis shows an over-representation of the Sulphur 
assimilation/Sulphur utilization and the Reponse to wounding GO categories among the 
whole subset of down-regulated genes in the C2 plants (Table 1).  
In order to determine whether this C2-mediated repression of sulphur assimilation was a 
general mechanism exerted by geminiviruses, we evaluated the expression of APS3, 
APR1 and APR3 in transgenic Arabidopsis lines expressing C2 from two additional 
geminivirus species, Tomato yellow leaf curl virus (TYLCV) and BCTV (Lozano-
Durán et al. 2011). The RT-PCR results reveal a repression similar to that triggered by 
TYLCSV C2, suggesting that the repression of sulphur assimilation might be a general 
effect of geminivirus C2 protein (Fig. 1C).  
Transgenic Arabidopsis plants expressing geminivirus C2 accumulate reduced 
sulphur  
In general, high concentration of intracellular reduced sulphur (e. g. cysteine and 
glutathione) represses sulphur uptake and assimilation, and this repression takes place 
predominantly at the transcriptional level (reviewed in Buchner et al. 2004). For 
example, an Arabidopsis null mutant for the cysteine desulphhydrase enzyme shows a 
high content of total cysteine, and consequently several genes encoding sulphate 
transporters and APR are repressed (Alvarez et al. 2010). At the same time, cysteine and 
glutathione contents drop upon limited sulphate availability (Nikiforova et al. 2003). 
For this reason, we checked the levels of cysteine and glutathione in the transgenic 
Arabidopsis lines expressing geminivirus C2 in order to investigate whether differential 
accumulation of reduced sulphur might be affecting the expression of genes involved in 
sulphur assimilation. As shown in Fig. 2, cysteine and glutathione contents in transgenic 
seedlings expressing geminivirus C2 are higher than those in wild-type plants, and reach 
a similar value for the transgenic lines expressing three different geminivirus C2 
proteins. To explore the possibility that this accumulation of reduced sulphur is the 
result of de novo synthesis, we evaluated the expression level of the cysteine 
biosynthetic O–acetylserine(thiol)lyase (OASTL) genes (OAS-A1, OAS-B and OAS-C) 
in our transgenic C2 plants using quantitative real-time PCR. Our results show that the 
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expression of OAS-A1, OAS-B and OAS-C is not dramatically altered by C2 (all 
detected changes are <2-fold; Fig. 3), suggesting that the higher accumulation of 
cysteine is unlikely due to an increase in biosynthesis. Notably, the expression of OAS-
C is reduced in the transgenic C2 lines, and this reduction is statistically significant for 
plants expressing TYLCSV and TYLCV C2.  
Jasmonate treatment restores the expression level of genes involved in sulphur 
assimilation in transgenic Arabidopsis plants expressing TYLCSV C2  
Upon MeJA treatment, we observed dramatic transcriptional changes in wild-type 
Arabidopsis plants similar to those demonstrated in previous works (Jung et al. 2007; 
Nemhauser et al. 2006). Interestingly, we find that APR1, APR3 and APS3 are up-
regulated in response to the 10 h-MeJA treatment in transgenic Arabidopsis plants 
expressing TYLCSV C2 when compared to mock-treated C2 plants (Table 2). No 
differences can be found in the expression level of these genes between MeJA-treated 
transgenic C2 plants and MeJA-treated control plants, indicating that this value is 
restored to the wild-type level following MeJA treatment.  
Discussion 
Genes involved in sulphur assimilation are repressed in compatible pathogen 
interactions and in transgenic plants expressing geminivirus C2  
Our results show that three genes involved in sulphur assimilation, APS3, APR1 and 
APR3, are repressed in transgenic Arabidopsis plants expressing geminivirus C2 
protein. Since sulphur plays a role in plant defence, it would be interesting to check 
whether changes in expression of these genes are restricted to geminivirus-plant 
interactions or, on the contrary, are part of a general response to pathogens. Publicly 
available microarray data show that, notably, APS3, APR1 and APR3 are repressed in 
compatible Arabidopsis-pathogen interactions (with either the geminivirus Cabbage leaf 
curl virus –CaLCuV- (Ascencio-Ibanez et al. 2008), the RNA virus Turnip mosaic virus 
–TuMV- (Yang et al. 2007) or the pathogenic bacteria Pseudomonas syringae pv tomato 
–Pto-), whereas at least APR1 and APR3 are up-regulated in an incompatible interaction 
(with Pto expressing the avirulence factor AvrRpm1) (NASCARRAYS-120) (Table 3). 
These transcriptomic data, together with the correlation between an enhanced 
glutathione metabolism and SIR/SED to TMV in tobacco plants (Holler et al. 2010) 
suggest a possible role of sulphur metabolism, and maybe SIR/SED, in the interaction 
between plants and a wide array of pathogens, and not only fungi, as had been 
previously implied. 
Accumulation of reduced sulphur in transgenic C2 plants might be due to 
enhanced proteolysis 
Cysteine and glutathione quantifications in transgenic C2 plants show that both 
compounds accumulate to higher levels in the presence of geminivirus C2 protein, but 
the reason for this over-accumulation remains elusive. Bearing in mind that genes 
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involved in sulphur uptake are repressed in transgenic C2 plants, it seems unlikely that 
the increase in reduced sulphur might come from enhanced sulphur assimilation, and it 
could rather derive from mobilization or re-assimilation of S-containing molecules and 
proteins. The expression of the OASTL genes in the C2 plants is in agreement with this 
idea. In a recent work, geminivirus C2 protein has been shown to inhibit the 
derubylating activity of the CSN complex at least over CULLIN1 (Lozano-Durán et al. 
2011). In animals, down-regulation of the CSN has been described to enhance 
proteasomal proteolysis (Su et al. 2009). Therefore, it would be possible to speculate 
that the interference with the CSN activity caused by C2 could be promoting an 
enhancement of proteolysis in the plant cell, leading to higher levels of reduced sulhur 
available. In line with this idea, geminivirus infection induces the expression of 
components of the ubiquitin-proteasome system: 32 genes encoding proteasomal 
subunits are over-expressed in Arabidopsis in response to CaLCuV infection (Ascencio-
Ibanez et al. 2008), suggesting that proteolysis might be promoted in a geminivirus-
infected plant.  
Could geminivirus C2 be counteracting sulphur-induced resistance through the 
suppression of jasmonate responses? 
Several data suggest that SIR/SED might play a role in plant-virus interactions: 
enhanced glutathione metabolism is correlated with SIR/SED to TMV in tobacco plants 
(Holler et al. 2010); genes involved in sulphur assimilation are repressed in infections 
with either DNA (CaLCuV) or RNA (TuMV) viruses (Ascencio-Ibanez et al. 2008; 
Yang et al. 2007); heterologous expression of the geminiviral pathogenicity determinant 
C2 also triggers a down-regulation of genes involved in sulphur assimilation (this 
work). Notably, we find a repression of genes involved in sulphur assimilation mediated 
by C2 from TYLCSV and TYLCV, two begomovirus from the Old World, and such a 
repression is detected during infection by CaLCuV, a begomovirus from the New World 
(3). Moreover, we also detect a similar repression upon expression of L2, the 
homologous counterpart to C2, from the curtovirus BCTV. These results suggest the 
interesting idea that C2-mediated interference with the sulphur assimilation pathway at 
the transcriptional level might be a general strategy for geminiviruses. However, we 
should keep in mind that transgenic plants expressing pathogenicity factors 
constitutively and in all tissues, such as the ones used in this work, do not fully reflect 
the biology of the infection, and therefore these results, even if they could provide 
valuable hints for future studies, must be considered cautiously.  
It is interesting to note that three out of four members of the APS family (APS1, APS3 
and APS4) are targeted by microRNA395 (Kawashima et al. 2011), and their expression 
could in consequence be potentially affected by silencing suppressors, such as C2. Even 
though TYLCSV C2 is a rather weak silencing suppressor (Luna et al. 2012), has not 
been shown to bind miRNAs, and only seems to affect transcription of APS3, and not 
APS1 or APS4, we cannot rule out the possibility that C2 might be interfering with 
microRNA395 and in turn affecting the expression of these genes.  
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Remarkably, the response to jasmonates is also repressed in the transgenic plants 
expressing TYLCSV C2 (Lozano-Durán et al. 2011; this work), and we showed that 
expression of genes involved in sulphur assimilation is restored to wild-type levels upon 
MeJA treatment. Interestingly, we found OAS-C, which is up-regulated by MeJA 
treatment (Arabidopsis eFP browser; Winter et al. 2007), to be repressed in the 
transgenic C2 lines. Even though we cannot rule out the possibility that the repression 
of genes involved in sulphur assimilation in the transgenic C2 Arabidopsis plants may 
be due to the accumulation of reduced sulphur, transcriptomic data support a direct link 
between jasmonate signalling and sulphur metabolism (our microarray data; Hirai et al. 
2003; Jost et al. 2005; Nikiforova et al. 2003; Sasaki-Sekimoto et al. 2005), which leads 
us to postulate the existence of an additional mechanism, superimposed to the 
repression by product accumulation. Of note, the tantalizing idea that jasmonates may 
act as a linking signal between plant-pathogen interactions and sulphur metabolism has 
been suggested before (Kruse et al. 2007). Therefore, we hypothesize that geminivirus 
C2 protein might be affecting sulphur metabolism, and maybe counteracting SIR/SED, 
by triggering a suppression of the jasmonate response. However, the results obtained in 
this work are based on the use of transgenic lines, and should be confirmed in the 
context of a real infection; moreover, the higher accumulation of cysteine and 
glutathione in C2 plants does not clearly support a C2-mediated suppression of 
SIR/SED. Future experiments combining mutant viruses, controlled sulphur supply and 
hormone treatments will help unravel the potential effect of geminivirus C2 on sulphur 
metabolism and SID/SER, and might open a door towards new strategies in the fight 
against viral crop diseases.  
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Figure captions 
 
Figure 1. a. Sulphur assimilation and sulphur-dependent generation of defence 
compounds (depicted in green). After uptake of sulphate from the external medium by 
high-affinity transporters in the roots (1), sulphate is transported and becomes activated 
through the activity of ATP sulphurylase in leaves (2). The product of this reaction, 
APS (5′-adenylsulphate) is reduced by an APS reductase (3); alternatively, APS can be 
further activated by an APS kinase (4) to form PAPS (3′-phosphoadenosin-5′-
phosphosulphate), required for various sulphatation reactions, including the 
biosynthesis of glucosinolates. Sulphite is reduced to sulphide by sulphite reductase (6), 
and incorporated into O-acetylserine to form cysteine. Cysteine is the primary product 
of S-assimilation, and is incorporated into sulphur-rich products (SRPs) and glutathione 
(GSH); furthermore, cysteine is also the donor of reduced sulphur for glucosinolate 
biosynthesis and for the synthesis of phytoalexins. Sulphide can be released from 
cysteine through the action of desulphhydrases, whereas elemental sulphur, S0, is 
probably released from GSH. Sulfate oxidase converts the excess sulphite to sulphate, 
releasing H202, which can act as a defence signal. (Modified from Rausch and Wachter 
2005.) b. Genes involved in the sulphate assimilation down-regulated in the transgenic 
Arabidopsis plants expressing C2 from Tomato yellow leaf curl Sardinia virus 
according to the microarray data. The step of the sulphur assimilation pathway their 
products catalyze, the repression level and the corresponding p-value are indicated. c. 
Relative expression level of ATP-sulphurylase (APS3; At4g14680), APS reductase 1 
(APR1; At4g04610), APS reductase 3 (APR3; At4g21990) or actin (AT3G18780), as a 
control, in transgenic C2 or wild-type Col-0 (WT) Arabidopsis 14-day-old seedlings by 
semi-quantitative RT-PCR. C2TS: Transgenic Arabidopsis plants expressing C2 from 
Tomato yellow leaf curl Sardinia virus. C2TM: Transgenic Arabidopsis plants 
expressing C2 from Tomato yellow leaf curl virus. L2BC: Transgenic Arabidopsis 
plants expressing C2 (L2) from Beet curly top virus. This experiment was repeated 
twice with similar results; results from one experiment are shown 
Figure 2. Cysteine (Cys) and glutathione (GSH) content in C2 transgenic Arabidopsis 
seedlings. Fourteen-day-old seedlings expressing TYLCSV C2 (C2TS), TYLCV C2 
(C2TYM) or BCTV L2 (L2BC), or wild-type (Col-0) Arabidopsis seedlings grown on 
MS medium were harvested, grinded and subjected to HPLC analysis. Total levels of 
cysteine and glutathione were measured. The values are the mean of five replicates, 
each corresponding to extracts obtained from at least five seedlings. Bars represent 
standard error. *, P < 0.05  
Figure 3. OAS-A1 , OAS-B and OAS-C steady-state transcription levels in transgenic 
Arabidopsis seedlings expressing TYLCSV C2 (C2TS), TYLCV C2 (C2TYM) or 
BCTV L2 (L2BC), measured by real-time quantitative real-time PCR, compared to the 
steady-state levels in wild-type Col-0 plants grown in parallel. The values are the mean 
of at least three replicates. Bars represent standard error. *, P < 0.001   
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Table 1 
Table 1 Gene ontology analysis of down-regulated genes in transgenic Arabidopsis 
seedlings expressing C2 from Tomato yellow leaf curl Sardinia virus reveals an over-
representation of the Sulphate assimilation/Sulphur utilization and the Response to 
wounding GO categories (a)  
 
GO term 
Observed 
Frequency 
Expected 
Frequency 
p-value  Genes 
Sulphate assimilation/Sulphur 
utilization 
3.0 % 0.0 % 0.00075 At4g21990 At4g14680 At4g04610 
Response to wounding 5.1 % 0.4 % 0.00261 
At3g51660At2g34810At3g61190At4g23600 
At3g45140 
 
(a)The percentages of genes belonging to each category are reported for this subset of genes (observed 
frequency) and for the total number of genes present in the microarray (expected frequency). The p-value cutoff 
was 0.05  
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Table 2 
Table 2.  Selected Gene Chip Hybridization data (a) 
 
 
 
(a) Differential expression of ATP-sulphurylase (APS3; At4g14680), APS reductase 1 (APR1; At4g04610) and 
APS reductase 3 (APR3; At4g21990) in transgenic Arabidopsis seedlings expressing TYLCSV C2 (C2) or 
control (Crtl) seedlings after methyl jasmonate (50 μM MeJA, 10 h) or mock treatment. Box data 
corresponding to log intensity hybridization are the result of the Log Intensities average of the three 
biological replicates. A positive ratio (grey boxes) indicates that the gene is up-regulated in plants 
expressing C2 compared to control plants after MeJA treatment. Ratios in black boxes were not found to be 
statistically significant after Bonferroni correction (P < 0.05)  
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Table 3 
 
Table 3.  Changes in the expression of ATP-sulphurylase (APS3; At4g14680), APS reductase 1 (APR1; 
At4g04610) and APS reductase 3 (APR3; At4g21990) in different plant-pathogen interactions, or in 
transgenic Arabidopsis seedlings expressing Tomato yellow leaf curl virus C2 (a)  
 
AGI Gene Microarray Log2 P-value  Reference 
At4g04610 APS reductase 1 (APR1)  
TYLCSV C2 −1.77 0 This work 
Pto −2.43 0.014 NASCARRAYS-120 
AvrRpm1 3.18 0.001 NASCARRAYS-120 
CaLCuV −0.5 1.69E-08 Ascencio-Ibanez et al. 2008  
TuMV Repressed   Yang et al. 2007  
At4g14680 ATP-sulphurylase (APS3)  
TYLCSV C2 −1.31 1.27E-05 This work 
CaLCuV −0.53 2.36E-12 Ascencio-Ibanez et al. 2008  
At4g21990 APS reductase 3 (APR3)  
TYLCSV C2 −1.60 7.27E-10 This work 
Pto −2.25 0.024 NASCARRAYS-120 
AvrRpm1 3.47 0.0005 NASCARRAYS-120 
 
(a) Pto: Infection with Pseudomonas syringae pv tomato. AvrRpm1: Infection with P. syringae pv 
tomato expressing the avirulence factor AvrRpm1. CaLCuV: Infection with the geminivirus Cabbage 
leaf curl virus. TuMV: Infection with the RNA virus Turnip mosaic virus. Infections with Pto, 
CaLCuV and TuMV are considered compatible interactions, whereas infection with AvrRpm1 is 
considered an incompatible interaction. NASCARRAYS-120: data are available at 
http://affy.arabidopsis.info/AffyList.html  
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